T HE use of fertilizers to stimulate growth of legumes and thus build up soil fertility-long accepted as a sound grassland practice-is being studied intensively on California foothill ranges. Most of the studies involve use of winter-growing annual legumes which are particularly well adapted to the mild, rainy winters and hot, dry summers. Considerable progress has been made in developing fertilizer practices to increase production of these annuals, including both introduced and native species.
Introduced annuals, such as the widely naturalized bur-clover (-Wed- have proved to be very valuable for grassland improvement (Love, 1952 and Love and Sumner, 1952) . The native annuals also have an important place in an improvement program on foothill range. Most areas contain several native legumes growing on sites where they are well adapted. Growth of certain species, particularly the clovers, can be increased greatly through fertilization to correct mineral deficiencies in the soils. The use of sulfur-bearing fertilizers to stimulate native clbvers on sandy loam soils has been demonstrated at the San Joaquin Experimental Range.
The forage on this Experimental Range is a typical mixture of many 1 Maintained by the Forest Service, U. Berkeley. native and naturalized annual plants (Bentley and Talbot, 1951) . Legumes make up some 2 to 15 percent of the total herbage on most of the unfertilized range, the amount depending upon weather conditions of the year. Most of this production is from native clovers; the introduced bur-clover occurs but sparingly. Since 1941 a series of plot studies has been conducted using fertilizers containing nitrogen, phosphorus, sulfur, or combinations of these elements on various sites to determine the conditions under which each produced definite response in plant growth. Observations from these studies are summarized here, together with 4 years measurement of herbage production on a set of plots treated in 1949 with several sulfur-bearing fertilizers.
S. Department of Agriculture, in cooperation with the University of California at

Response to Sulfur Fertilization
A deficiency of sulfur in the foothill range soils of granitic origin was indicated by the first tests started in 1941. On the plots where soil sulfur had been applied and on the plots receiving single superphosphate, a carrier of sulfur, growth of legumes was much greater than on plots which did not receive these fertilizers.
In subsequent exploratory trials an increase in legume production from application of sulfur-bearing fertilizers was observed on all kinds of sites on the Experimental Range, including the residual soils on slopes and the secondary soils in the swales. The residual soil is Vista sandy loam, usually between 1 and 2 feet deep, although depth is quite variable.
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The most impressive increase in legume production was at the transition between slopes and swales and on slope soils with a gentle north exposure. Apparently, deficiency of sulfur was less of a limiting factor in the heavier swale soils, which have a higher organic matter content.
A deficiency of soil sulfur has been reported at many other locations on California foothill lands. In trials conducted between 1940 and 1943 , Conrad, Hall and Chaugule (1947 found that bur-clover responded markedly to sulfur fertilization on an Altamont soil derived from old sedimentary materials. In later tests with the California Agricultural Extension Service, Conrad (1950) found sulfur responses on several other soils derived from a wide variety of parent materials.
The response of the annual-plant range to application of sulfur fertilizers followed fairly closely the same pattern in all tests. The first marked response was stimulation of legume growth, but this response did not always occur during the season of application. The year after stimulation of legumes, production of grasses as well as legumes increased. The effects on grasses and legumes held over for a few years following a single fertilization.
These responses are shown by the plant yields measured on plots fertilized in January,
1949. This test included 10 plots fertilized with sulfur, gypsum, superphosphate and two combinations, each application at the rate of 60 pounds of sulfur per acre. Six other plots were not fertilized. Each plot was 10 x 200 feet in size and was sampled with 10 quadrats, 1 square foot in size, located along the center line of the plot. The ungrazed herbage was clipped at $$-inch stubble height when most species were near maturity in May, dried in a greenhouse, and weighed. The weight of each important species or plant group in each quadrat sample was carefully estimated at the time the sample was weighed ; certain quadrat samples were separated and component parts weighed as a check on the estimates. Mean yields obtained by this method are essentially the same as those from complete separation of every quadrat sample. The plots were grazed by cattle after all of the forage had dried. Utilization on the fertilized plots was somewhat heavier than on the unfertilized plots.
slight stimulation of legumes occurred by April, but at plant maturity there was no observable effect of sulfur fertilization.
The average yield and composition of herbage from the fertilized plots was similar to that from unfertilized plots. The insignificant effect of fertilization was attributed to a prolonged spring drought and low total rainfall of that season.
The design of the experiment and the intensity of sampling did not prove adequate for certain comparisons of different sulfur fertilizers, but consistent differences were obtained between fertilized and unfertilized plots. There were, however, indications that the magnitude of the differences was reduced by lateral movement of plant nutrients from fertilized to unfertilized plots.
First-Season Response is Often Poor
A very limited effect from application of sulfur was noted during the first season on the plots fertilized in January, 1949 (Table 1) . A This poor first-season response is typical of results from other plots that were established in seasons of low total precipitation. Growth of legumes was limited by periods of drought or cold weather during the growing season or by early drying of the vegetation. A poor stand of legumes also can limit the first-year effects of sulfur fertilization. Where the stand of native legumes on the Experimental Range had been thinned by cultivation in preparing a seedbed for introduced species, sulfur fertilization had little visible effect on plant growth until the stand of legumes had thickened.
Initial Response is in Legumes
On the plots fertilized in January 1949, the first marked effects of fertilization were recorded during 1950. Clovers were noticeably stimulated during the entire spring of 1950 on the plots receiving sulfur in any of the various fertilizer combinations that were used. At plant maturity the contrast in growth of clover was very distinct at most boundaries between treated and untreated plots. The yield of clovers, mainly littlehead clover (T. microcephalum) but including tree clover (T. ciliutum) averaged 1,308 pounds per acre greater on the 10 fertilized plots than on the 6 unfertilized plots ( Table 1) . Because of a decrease in filaree and some other species on the fertilized plots, the average increase in total herbage production was 923 pounds per acre-4,453 pounds per acre dry weight on fertilized plots compared to 3,530 pounds on untreated plots.
Marked stimulation of legumes the second year after application of sulfur fertilizers was also recorded in earlier tests. For example, on a gypsum plot and a superphosphate plot first fertilized in February 1944, response was barely apparent in 1944, but very impressive in 1945 (Bentley, 1946) . Clipped samples showed that the increase in dr,y herbage yield over an adjacent untreated plot was about 1,300 pounds from gypsum, and about 1,000 pounds per acre from superphosphate. The increases were estimated to be almost entirely in legumes, mainly littlehead clover.
The addition of sulfur as an essential element in plant nutrition appears to be the major reason for the stimulation of legumes, which require appreciable quantities of sulfur. Several workers have reported the importance of adding sulfur on deficient soils to promote growth of legumes; the sulfur serves to increase production of amino acids and total protein in the leggumes (Nightingale, et al., 1932; Eaton, 1941 1950). The darker color of legumes on fertilized plots (Conrad, 1950) indicates an effect of sulfur on chlorophyll formation (Powers, 1930) .
Second Response is in Grasses
On the fertilized plots where heavy production of clover was obtained in 1950, growth of grass in 1951 was 741 pounds per acre greater than on unfertilized plots ( Table 1 ). The contrast in growth of grass at the boundaries between fertilized and unfertilized plots was not impressive. For one reason, in 1951 grass grew well on both fertilized and unfertilized plots as a result of unusually favorable fall and winter weather. Also, there appeared to be some lateral movement of nitrates across portions of the narrow plots. This movement erased sharp contrasts at plot borders and probably reduced the measured differences in grass production between plots.
Greater vigor of clovers was very apparent during April, 1951 on the fertilized plots, but clovers made little growth after that date because of dry spring weather, the average yield being only 218 pounds greater than on unfertilized plots. Total herbage yield was 902 pounds per acre greater on the fertilized plots, about the same increase over unfertilized plots as obtained in 1950.
A more striking increase in growth of grass following heavy clover production was observed in an earlier test. On gypsum and superphosphate plots, which produced heavy crops of clover in 1945, there was a tall growth of soft chess in 1946 (Fig.  1 ). Clovers were also stimulated in 1946. The increase in total herbage production was measured as about 1,300 pounds per acre on the gypsum plot and 800 pounds per acre on the superphosphate plots, as contrasted with an adjacent unfertilized plot.
Stimulation of grass production after heavy growth of clover on plots fertilized with sulfur has been one of the most important results from the studies. This increase in grass is clearly a response to increased soil nitrogen fixed by bacteria on the roots of the legumes. Root systems were always larger and nodules were large and abundant on legume plants during the season of first marked response to sulfur. During succeeding seasons the nodules decreased in size and abundance until, after three or four years, the level of nodule production was only slightly above that on unfertilized legumes. These observations are in agreement with work of others who have reported increases in legume roots and nodules following fertilization with sulfur (Anderson and Spencer, 1949; Gilbert, 1951; and Ivanoff, 1948) .
The need for additional soil nitrogen to increase grass production has been indicated by responses to nitrogen fertilizer on all sites at the Experimental Range. This nitrogen deficiency is typical of foothill soils and has been reported on other areas (Dickey, et al., 1948; Chapman, et al., 1949) . Response to added nitrogen has been impressive and consistent on some fairly deep, heavy soils and a program of nitrogen fertilization has been recommended for some foothill areas (Hoglund, et al.,  1952) . On the shallow, light soils at the Experimental Range, studies to date have been concentrated on the use of sulfur-bearing fertilizers to build up soil rmrogen through stimulation of legumes. Use of nitrogen along with sulfur fertilizers will be studied in more detail.
Hold-Over Response in Grasses and Legumes
A hold-over response in both grasses and legumes was obtained on the fertilized plots during 1952 ( Table 1 ). The production of clovers, averaging 1,414 pounds per acre on the fertilized plots, was heavier than expected. Over a larger area fertilized at the same time, the proportion of legumes in the forage during 1952 was much less.
The increase of only 331 pounds per acre of grass on the fertilized plots as compared to the unfertilized plots was less than expected and was less than the increase which occurred in 1952 on the larger fertilized area. There was considerable evidence that the limited contrast in production of grass on the plots was caused by lateral seepage of nitrates from fertilized plots into portions of the unfertilized plots. AND L. R. GREEN The narrow plots, while excellent for observation of the early effects of sulfur fertilization, are not suited for long-time comparisons of fertilization practices.
Plant responses for at least three years from a single application of sulfur-bearing fertilizers have occurred in all plots where records were maintained for that length of time. The proportion of grasses and legumes during the third year was not the same on all plots; probably the proportion will vary from site to site and from year to year.
Discussion
Application of sulfur fertilizers has proved to be a positive method of range improvement for the kind of range land on the experimental area. The nature of plant responses obtained in the plot studies show that sulfur fertilization has improved both quality and quantity of forage (Fig. 2) through stimulation of legume growth. The decrease in filaree and the slight increase in "others" on the plots are about the same as the changes in these species which have occurred on larger fertilized areas. These plots do show, however, relatively greater increase in legumes and less increase in grass and total forage production than on larger fertilized areas.
Fertilization has brought about a greater improvement in the natural forage cover than that obtained by any grazing management practice. Increase in legumes at the expense of broadleaf filarees (Erodium botrys and E. botrys f. montanum) is considered an upward step in condition class on annualplant range.
The improvement in forage quality has been indicated by the preference of cattle for forage on plots where sulfur has been applied as soil sulfur, gypsum or superphosphate. The preference has been very apparent during the summer when cattle have grazed the dry forage on fertilized plots to the ground before grazing materially on unfertilized forage. More clovers, which are the best of the native forage plants, and greater palatability of the forage would indicate livestock should make better gains on fertilized range. And the greater total yields of forage will result in greater grazing capacity.
Sulfur-bearing fertilizers have produced definite responses in forage 2,800 1 FIGURE 2. Change in composition and yield of forage after application of sulfur fertilizers.
Based on yields for four years on pared with yields from 6 unfertilized plots.
10 plots fertilized in January 1949, comgrowth at the Experimental Range when applied at rates equivalent to 10 to 120 pounds of sulfur per acre. The response was not very apparent and was not uniform on plots where fertilizers were applied at only 10 pounds of sulfur, but was usually quite apparent where the fertilizers contained 20 pounds of sulfur per acre. Better initial response and greater hold-over effects were observed, however, from fertilizers applied at heavier rates. Fertilization at a rate equivalent to 60 pounds of sulfur per acre, applied every three years, has consistently increased forage growth.
Either gypsum at approximately 350 pounds per acre or soil sulfur at approximately 60 pounds per acre, applied at three-year intervals. can be recommended for trial until better practices have been developed. A single application of either costs about $2.50 to $4.00 per acre for the fertilizer and spreading. Extensive use of these fertilizers should not be made on a range until tests have shown that sulfur is deficient. Results for four years on the plots fertilized in 1949 (Fig. 3) indicate that either gypsum or soil sulfur will produce increased forage at a low cost of about $3.00 per ton. Replication and sampling was not adequate to determine whether there was significant difference between the returns from these two fertilizers. Comparison of the returns from gypsum and soil sulfur will be continued.
Addition of elements other than sulfur may prove to be beneficial on some sites. For example, legumes responded to application of phosphorus on swale soils. Single superphosphate, to supply both phosphorus and sulfur, can be recommended for swales. On slope soils, which make up most of the area, treblephosphate added to gypsum showed no advantage over gypsum alone, even though application of single superphosphate consistently has given greater observa-STIMULATION OF NATIVE ANNUAL CLOVERS 29
. Cost per ton of increased forage production from different fertilizer treatments, each containing an equivalent of 60 pounds sulfur per acre. Based on four-year yields from 2 plots in each treatment compared with yields from adjoining unfertilized plots.
able effect than has an equivalent amount of sulfur in gypsum or soil sulfur. Because of the higher price of superphosphate, however, the increased forage yields have always cost more than have increases obtained with soil sulfur or gypsum.
That forage yields can be maintained at a consistently higher level on fertilized range is suggestled by results on the plots fertilized in 1949, where total herbage production was increased 900 pounds in each of three successive years. Observations in other tests, however, indicate that the effects of fertilization may vary on shallow, sandy loam soils if unfavorable years are encountered. For example, the returns from fertilization were very limited during two dry years, 1948 and 1949, which followed two other years of low precipitation. There is some question as to whether stimulation of forage growth by fertilization in favorable years will make more variable an already fluctuating forage crop.
Cooperative studies on larger grazed areas have been started with the University of California to learn more about the practical problems of utilizing the increased natural forage obtained by sulfur fertilization on foothill ranges. Studies will be continued to determine the sites where additional practical benefits can be obtained from establishment of introduced legumes along with the natives.
Summary
The use of commercial fertilizers to improve California foothill ranges has been studied on plots at the San Joaquin Experimental Range since 1941. Stimulation of native clovers through application of sulfur-bearing fertilizers has proved to be a positive method of improving the annual-plant forage on the soils of granitic origin.
The response to sulfur fertilization was delayed for one season if the weather was unfavorable for legume growth during the year of application. Stimulation of legumes, particularly native annual clovers, was the first marked response to fertilizers containing sulfur. Increased production of both grasses and clovers occurred during the year after heavy legume growth, and there was a hold-over response in these plants during the third year. Improvement in both quality and quantity of forage as a result of increasing legume production has been very striking.
Fertilization at three-year intervals is now being tested on larger range areas, with each application at a rate equivalent to 60 pounds sulfur per acre. Either gypsum or soil sulfur is used on slope soils, at a cost of $2.50 to $4.00 per acre for a single application. Single superphosphate, a more expensive fertilizer, is recommended for swale soils where plot studies have indicated a deficiency of phosphorus as well as sulfur.
The problems involved in utilizing the improved forage are being studied on grazed range to learn more about practical operation in dry years as well as in favorable seasons. 
